ABSTRACT This paper considers electromagnetic compatibility (EMC) aspects in the context of power line communication (PLC) systems. It offers a complete overview of both narrow band PLC and broad band PLC EMC norms. How to interpret and translate such norms and measurement procedures into typical constraints used by designers of communication systems is discussed. In particular, the constraints to the modulated signal spectrum are considered and the ability of pulse shaped OFDM (PS-OFDM), used in most of the PLC standards as IEEE P1901 and P1901.2, to fulfill them is analyzed. In addition, aiming to improve the spectrum management ability, a novel scheme named pulse shaped cyclic block filtered multitone modulation (PS-CB-FMT) is introduced and compared to PS-OFDM. It is shown that PS-CB-FMT offers better ability to fulfill the norms which translates in higher system capacity.
I. INTRODUCTION
Power Line Communication (PLC) is an interesting and potentially cost effective solution to create a communication network exploiting the existing power delivery infrastructure. The application scenarios include home networking, home automation, broadband internet access, automatic meter reading, smart grid services through the power distribution grid [1] .
PLC systems are partitioned in two classes: Narrow Band PLC (NB-PLC) and Broad Band PLC (BB-PLC). NB-PLC systems operate in the low frequencies range (below 500 kHz) and offer low data-rate up to 500 kbps. NB-PLC is mostly intended for command and control and smart grid applications where reliability and robustness are preferred over data-rate. On the contrary, BB-PLC systems operate in the spectrum 1.8-30 MHz, and more recently, up to 86 MHz. BB-PLC is mostly used for in-home networking where high data-rate communications, in excess of 200 Mbps, are required, e.g., for multimedia applications.
The exact spectrum used by PLC depends on the continent or country where it is deployed. These band plans are defined by the local committees, e.g., CENELEC (Comité Européen de Normalisation Électrotechnique) in the EU, FCC (Federal Communications Commission) in the US and ARIB (Association of Radio Industries and Businesses) in Japan. For instance, CENELEC defines for NB-PLC four bands in the 3-148.5 kHz spectrum [2] , while FCC allows NB-PLC in the 9-490 kHz spectrum [3] and ARIB in the 10-450 kHz spectrum [4] . The local committees also set the Electromagnetic Compatibility (EMC) regulations. A general electrical device emits unintentionally (or intentionally in the PLC case) signals in the electrical network that may cause interference to other devices. To prevent malfunctioning, EMC regulations define a set of emission and immunity limits that every electrical device must fulfill. For PLC, emission limits have a fundamental role since they introduce a constraint to the level of transmitted signal used for communications [5, Chapter 2] , [6, Chapter 5] .
Usually, in communications, the involved signals and the system performance, e.g., the signal-to-noise ratio, the biterror-rate and the capacity, are analyzed as a function of the transmitted signal Power Spectral Density (PSD). However, EMC regulations are rather elaborated and set the conducted and radiated emission limits following a precise measurement procedure. This procedure involves, for the conducted emissions, a spectrum analyzer with a certain Intermediate Frequency (IF) filter and a certain detector structure, i.e., a peak, quasi-peak or average signal level detector. This measurement equipment is known as Electromagnetic Interference (EMI) receiver. The conducted emission limits are expressed in dBµV. The results of such a procedure are not of immediate translation into the spectral constraints that the digital modulated signal has to fulfill.
Given, the spectral constraints and the multi-path characteristics of PLC channels, up-to-date NB-PLC and BB-PLC standards have adopted Multicarrier Modulation (MCM) [6, Chapter 5] . This is because in MCM, the informative signal is split into low data-rate signals. These signals are transmitted over narrow band sub-channels that can handle the channel frequency selectivity and enable simpler one-tap equalization. Furthermore, spectrum shaping can be implemented by switching off some sub-channels, i.e., through the creation of spectral notches. Spectrum notching is also required to allow coexistence with radio systems especially in the BB spectrum.
Orthogonal Frequency Division Multiplexing (OFDM) [7] is the most common form of MCM. However, aiming to have a better spectrum confinement, PLC systems have opted for a modified version of it named Pulse Shaped OFDM (PS-OFDM) [8] , [6, Chapter 5] . This is the case of the IEEE P1901.2 NB-PLC standard and of the IEEE P1901 BB-PLC standard.
In order to have a better spectrum management flexibility, other MCM techniques have been investigated as Wavelet OFDM [9] , OQAM/OFDM [10] , [11] , Filtered Multitone (FMT) [12] , [13] . More recently, a new Filter Bank Modulation (FBM) technique, named Cyclic Block Filtered Multitone Modulation (CB-FMT), that deploys cyclic convolutions instead of linear convolutions, has been introduced in [14] and analyzed for possible application to both NB-PLC in [15] and to BB-PLC in [16] . In CB-FMT, differently from OFDM, the sub-channel frequency confinement is preferred. This allows to reduce the out-of-band interference and to better realize notching and satisfy spectral masks.
The contribution of this paper is twofold. Firstly, a complete overview of relevant EMC norms for both NB-PLC and BB-PLC is reported. The procedure used to make the measurements and determine the limits is explained, as well as, it is discussed how to convert such limits into PSD constraints to the modulated signal. This has practical and theoretical relevance, since the topic is often debated in the PLC R&D community. Secondly, the implications of such limits into the design of PS-OFDM are assessed. In particular, the parameters used in IEEE P1901.2 and P1901 will be assumed to verify whether the norms are fulfilled. Then, in order to see whether improved spectrum usage can be done, we consider CB-FMT and compare it to PS-OFDM. In particular, we consider a new CB-FMT scheme that deploys not only frequency domain pulse shaping but also time domain pulse shaping. We refer to this scheme as Pulse Shaped CB-FMT (PS-CB-FMT). The analysis shows that PS-CB-FMT offers significant better fulfillment of norms both in the NB and in the BB spectrum. This is a result of the better ability to create notches and shape the spectrum. In turn, this implies higher capacity offered by the transmission scheme.
In summary, the paper develops a signal/system model that describes the overall measurement setup and that allows the processing of the modulated signal and the numerical evaluation of the quantities (in-band, and out-of-band, peak, quasi-peak and average signal values) specified by EMC norms. The numerical/simulation approach is required since the measurement process involves non-linear analog components and closed form expressions for the quantities to be measured cannot be derived. This paper is organized as follows. In Sec. II, EMC regulations are analyzed. The measurement procedures and limits are reported. In Sec. III, the problem of the conversion from EMC limits to PSD limits for the modulated signal is addressed. In Sec. IV, the IEEE P1901.2 and IEEE P1901 standards are considered. Then, FBM is briefly explained and the novel PS-CB-FMT scheme is introduced. In Sec. V, the maximum PSD limits are evaluated for both PS-OFDM and PS-CB-FMT. Furthermore, the maximum achievable rate offered by PS-OFDM and PS-CB-FMT is evaluated in typical outdoor low voltage and in-home scenarios. Finally, in Sec. VI, the conclusions follow.
II. ELECTROMAGNETIC COMPATIBILITY REGULATIONS
In the context of EMC regulations and PLC, the ''Comité International Spécial des Perturbations Radioélec-triques'' (CISPR) plays a fundamental role. 1 CISPR belongs to a non-governmental organization and it has not regulatory authority. The CISPR standards must be adopted by the local government to have legal effect. In the EU, the CENELEC starting from CISPR standards produces the European Norms (EN). These norms, so called harmonized standards, are then adopted by the EU members local committees, e.g., CEI in Italy, DKE in Germany, OVE in Austria. In the US, the CISPR standards have been adopted by the FCC [18] .
Two specific relevant EMC standards that have an impact on PLC are CISPR 22 [19] and FCC Part 15 [3] . These standards specify the EMI limits. FCC Part 15 was published in 1979 and it is valid for commercial products marketed in the US. CISPR 22 was published later in 1985 and it is intended for commercial products marketed outside the US. For the EU, CISPR 22 was adopted by CENELEC with the norm EN55022 [20] .
A. METHOD OF MEASUREMENT AND LIMITS
The EMIs are partitioned in two classes: the conducted and the radiated emissions. Conducted emissions are related to the interference that is conducted through the power line. Radiated emissions are related to the electric and magnetic fields generated by the device and that propagate outside the power conductors. In the EU, EN55022 specifies that conducted emissions have to be measured in the frequency range between 150 kHz and 30 MHz, while radiated emissions have to be measured only above 30 MHz. More recently, the norm EN50065 (specifically referred to NB-PLC) has included specifications below 150 kHz, as discussed in the following. FCC in the US, instead, specifies that radiated emissions have to be measured also below 30 MHz.
The goal of the conducted emissions test is to measure the interference injected into the power line. The measurement setup and methodology allows replicability and it is described in the CISPR 16-1 standard [21] . Since the emission level is related to the network impedance and it is affected by noise, a Line Impedance Stabilization Network (LISN) is inserted between the device under test and the network. The LISN sets a constant impedance (50 ) and it blocks the noise coming from the network. The measurement is then made with a Spectrum Analyzer (SA). In the SA, the RF signal is translated to the Intermediate Frequency (IF) and it is filtered with a bandpass filter, namely the IF filter. The bandwidth of the IF filter determines the resolution of the closely spaced frequency components. The envelope of the output signal contains the information about the conducted emission level. Therefore, after the IF filter, an envelope detector is inserted whose structure depends on whether the Peak (PK), Quasipeak (QP) or Average (AV) signal level has to be measured.
The PK and QP detectors schematic is reported in Fig. 1 . To understand the behavior of the PK and QP detectors, the example of Fig. 2 is considered. At the detector input, a signal formed by a train of triangular pulses is considered. In both detectors, the capacitor C is charged through the resistance R c until the pulse turns off. In the PK detector, the capacitor does not discharge itself so that the following pulses charge the capacitor until the peak is reached. In the QP detector, the capacitor discharges itself through R d when the pulse is turned off. If the pulses duty cycle is sufficiently small, the capacitor will completely discharge itself. When the period decreases, the output signal will continue to increase to some limit determined by the PK value. In other words, if the signal at the QP detector input is infrequent, the output level will be significantly smaller than that measured by the PK detector. In conclusion, if the measured PK value does not exceed the regulatory limit, then the QP value will not exceed the limit too. Instead, if the PK value exceeds the regulatory limit, then the QP value must be evaluated. The detectors characteristics are described in the CISPR 16-1 standard [21] .
The CISPR 22 standard distinguishes among the mains terminal port and the telecommunication port. The mains terminal port refers to the power supply port. The telecommunication port refers to the data transmission port. Although for most of the communication devices the two ports are distinct, in PLC such ports physically coincide. Both Differential Mode (DM) and Common Mode (CM) limits are defined. Assuming three conductors, i.e., Phase (P), Neutral (N) and Protective Earth (PE) conductors, the DM is associated to the generated current that flows through the P conductor and returns through the N conductor. The CM is associated to the current that flows simultaneously through the P and the N conductors and returns through a different path, for example, the physical earth. Focusing on the radiated field, DM currents produce two electric fields oppositely directed. Thus, the resulting electric field is small since the two components have opposite sign. Vice versa, CM currents produce two electric fields with the same direction. The resulting field is the sum of the two components. Thus, CM have a much higher potential to produce radiated emissions w.r.t. the DM.
The LISN converts these currents into voltages. The relations between phase/neutral voltages (V P and V N ) and CM/DM voltages (V CM and V DM ) are given by [17] 
Both the mains port and the telecommunication port limits are defined in terms of CM which is responsible for radiated emissions. The telecommunication signal is injected in DM. However, the network (power grid in the case of PLC) due to intrinsic asymmetries may introduce a conversion from DM to CM. This is referred to as Longitudinal Conversion Loss (LCL). The CM limit is established using an appropriate LCL. In the PLC scenario, this conversion has different sources: the non-ideality of the coupler that injects CM at the source; the conversion from DM to CM due to the cables [22] ; the asymmetry of the network caused by the numerous interconnection points, switches, etc. [6] ; the conversion caused by the terminations imbalance [23] . It is also important to note that captured external CM interference is converted in DM interference experienced by the PLC receiver. Such an interference, is typically handled with signal processing algorithms to possibly mitigate it [6] .
Finally, CISPR 22 splits the devices in two classes, A and B. Class A devices are used in commercial or industrial environment. Class B devices are used in residential, commercial or industrial environment. Class B limits are more stringent than Class A limits. The limits for the mains and the telecommunication ports for Class A and B devices are reported, in terms of CM, in Tab. 1.
B. PLC REGULATIONS
The early versions of the CISPR 22 standard did not consider the special case of PLC where the mains port for power supply and the telecommunication port coincide. To clarify the situation, the CISPR/I subcommittee was created. Two projects were devoted to PLC issues: the project ''CISPR amendment for PLC products'' (active from 1999 to 2005) and the project ''Amendment of the CISPR 22 with appropriate limits and methods for PLT devices'' (active from 2005 to 2010). In ten years of work, several reports were produced. The amendment CISPR/I/89/CD [24] proposed in 2003 to apply the telecommunication limits to PLC modems. This amendment was then used since 2003 to test the PLC modems by industry. Furthermore, in 2009, the amendment CISPR/I/301/CD [25] was proposed to introduce EMI mitigation techniques based on notching, similarly to the notching mask used in the HomePlug commercial modems [26] . Nevertheless, both projects failed without coming to a conclusive standard. For these reasons, the local committees have become active to find a solution. In the following, the status of PLC regulations in the EU and US is summarized.
1) EUROPEAN UNION
In the EU, the relevant norms approved by CENELEC for PLC are: EN50065 for NB-PLC in the 3-148.5 kHz band, and EN50561-1 [27] for BB-PLC in the 1.6065-30 MHz band. The in-band and out-of-band limits adopted in the EU are summarized in Tab. 2.
The EN50065 norm regulates NB PLC spectrum by partitioning it in four sub-bands. In the early versions of EN50065, these bands were referred to as CENELEC A, B, C, D. In recent versions, this designation has been removed. However, for convenience, the bands are referred with the old names. CENELEC A (3-95 kHz) is reserved to utilities. CENELEC B (95-125 kHz), C (125-140 kHz) and D (140-148.5 kHz) are used for home, commercial and industrial applications. CENELEC C requires the use of the CSMA/CA access protocol. Based on this, currently in the EU the NB spectrum 148.5-500 kHz is not regulated. In Tab. 2, we report the unofficial limits proposed by the IEEE P1901.2 NB-PLC standard.
In the EN50561-1 norm [27] , approved in 2012, the emission test is divided into two parts. First, the emissions are measured at the PLC port without any communication established. In this case, the CISPR 22 approach is followed. Then, the emissions are measured when the communication takes place. The emission level is measured in terms of DM voltage only, so that CM emissions (LCL approach of CISPR 22) are not measured. Furthermore, EN50561-1 defines a notching mask to protect certain parts of the radio spectrum.
It is interesting to note that EN50561-1 applies only to indoor BB-PLC so that outdoor BB-PLC is currently unregulated. Despite the effort, the norm EN-50561-2 that intended to regulate outdoor BB-PLC in the EU was not approved. Very recently, in 2016, CENELEC has approved the norm EN50561-3 that regulates indoor BB-PLC in the spectrum 30 − 87.5 MHz. In CFR §15.3(t), NB-PLC is referred to as ''power line carrier systems''. NB-PLC can operate in the spectrum 9-490 kHz and used by power utilities. NB-PLC is not subject to conducted or radiated emission limits. CFR FCC Part 15 ( §15.113 simply specifies that the devices shall be operated with the minimum power possible. If an interference issue is reported, the electric power utility shall adjust its power line carrier operation. However, these regulations do not apply to ''electric lines which connect the distribution substation to the customer or house wiring'' ( §15.113(f)), e.g., those used for meter reading. For this scenario, the limits related to ''carrier current systems'' in CFR §15.3(f) have to be considered. In particular, CFR §15.107(c) states that the only limits are for the out-of-band conducted emission so that the 535-1705 kHz band is protected. Furthermore, the paragraphs §15.109(e) and §15.209(a), specify in-band radiated emission limits for the band 9-490 kHz.
BB-PLC according to FCC is referred to as ''Broadband over Power Line'' (BPL). BPL can operate in the frequency range 1.705-80 MHz. Differently from the EU, where PLC is regulated only in the in-home scenario, in the US, BB-PLC is regulated both for the outdoor (Access BPL, defined in §15.601) and for the indoor (In-Home BPL, defined in §15.3(gg)) scenarios. Furthermore, radiated emissions are evaluated below 30 MHz too [5] . For BB-PLC between 1.705 MHz and 30 MHz the radiated field strength is set to 30 µV/m at a distance of 30 m. For the frequency range 30-80 MHz the limit is set to 100 µV/m at a distance of 3 m. The radiated limits are reported in §15.209.
III. LIMITS COMPUTATION AND CONVERSION
As discussed, Tab. 2 reports the transmission limits for PLC in the EU. The question is how to interpret and verify that a certain modulated communication signal fulfills such PK, QP and AV values. Furthermore, it is interesting to see how those limits can be translated into PSD values since very often digital modulation schemes are designed so that a certain PSD is imposed. The answer to these questions is not trivial.
To perform this analysis, the measurement procedurereported in Sec. II-A -can be performed. This procedure involves a measurement setup that follows the EMC norm. An analytic formulation of the signals to be measured can be derived only under ideal conditions and it is discussed in the following Sec. III-A. Under real conditions a closeform expression for the quantities to be measured does not exist. Thus, a numerical model of the measurement process is developed. It is required to first consider a specific IF filter and then model the behavior of the PK, QP and AV detectors. This is discussed in the following Sec. III-B.
Then, starting from the IEEE P1901.2 and P1901 main parameters, we evaluate the spectrum of the PS-OFDM modulated signal, we show how it fulfills the limits and we determine the maximum PSD value that PS-OFDM can assume. Aiming to show that better spectrum usage can be accomplished yet fulfilling the norms, we consider the novel PS-CB-FMT scheme and compare it with PS-OFDM.
Summarizing, the methodology adopted for the analysis consists of three steps: 1) A model of the measurement setup is developed and calibrated following the EMC norm. The norm defines a set of PK, QP and AV detectors output values for a certain test input signal. 2) A test signal complaint to the PS-OFDM or the PS-CB-FMT system (and given a certain choice of the signal parameters) is simulated. The analytic signal model is described in Sec. IV.
3) The modulated signal feeds the measurement setup block model so that the EMC limits can be verified as a function of the modulated signal parameters. In particular, the maximum PSD value attainable by the modulated signal is computed under the constraint that the EMC norms are fulfilled as explained in Sec. V. The analysis methodology can be used to design and verify the compliance to EMC norms of any other modulation scheme.
A. IDEAL IF FILTER
As described in Sec. II-A, the PK, QP and AV emission values are computed at the IF filter output. Therefore, the measured value depends on the specific IF filter used. Assuming an ideal IF filter, i.e., a rectangular shaped pass band filter, and a modulated signal with a flat PSD in the IF band, the mean PSD that the signal must possess is obtained from the level at the output of a PK detector, namely V PK (f ), as follows [5, Chapter 6] 
where V dBµV (f ) is the V PK (f ) voltage expressed in dBµV, i.e., V dBµV (f ) = 10 log 10 V PK (f ) /10 −6 2 . Z 0 and B IF are the measured signal spectral density in dBµV, the SA impedance (50 ), and the IF filter bandwidth, respectively. According to CISPR 16-1, B IF = 220 Hz for the frequency range between 9 kHz and 150 kHz; B IF = 9 kHz for the frequency range between 150 kHz and 30 MHz. In (3), the term enclosed into the square brackets is expressed in dBpW/Hz. The ν coefficient allows the conversion between dBpW/Hz and dBm/Hz, i.e., ν = 90. Since, in general, the telecommunication signals exhibit cyclostationary behavior [28] , (3) gives the mean PSD. From (3), the maximum PSD level in the considered range of frequencies that the transmitted signal can take is then obtained as where V lim is the maximum level of the signal spectral density in dBµV, i.e., V lim = arg max
As an example, considering BB-PLC, according to Tab. 2, if we set V lim = V lim,AV = 95 dBµV we will obtain the PSD limit PSD lim = −55 dBm/Hz, which is the value adopted in most of the PLC literature.
B. LIMITS PRACTICAL COMPUTATION
The limits reported in Tab. 2 are expressed in terms of the PK, QP and AV signal values in dBµV. The modulated signal x(t) has to be filtered by the IF filter, then the filter output passes to an envelope detector and finally either to the PK, or the QP or the AV detector, so that it can be verified whether it fulfills the limit. The first issue is to specify the IF filter. CISPR 16-1 does not specify it. Rather, it provides upper and lower limits that its frequency response has to fulfill as shown in Fig. 3 for both the 9-150 kHz band (B IF = 220 Hz) and the 0.15-30 MHz band (B IF = 9 kHz). Then, the signal detectors have to be modeled to allow a numerical evaluation on whether the modulated signal used by the PLC system fulfills the norms. Or in other words, the signal detectors have to be modeled to determine how to scale and shape the modulated signal so that norms are fulfilled. This is discussed in the next two sections assuming a digital implementation (as in state-of-the-art signal/spectrum analyzers) with sampling period T s .
1) IF FILTER
A simple filter that satisfies the CISPR 16-1 spectral bounds is the Gaussian filter. The impulse response is given by
where T 0 is a constant that sets the IF filter bandwidth and T s is the sampling period of the digital SA. CISPR 16-1 specifies the 6 dB bandwidth. In this case, 1/T 2 0 = 5/6 · B 2 IF ln 10. Fig. 3 shows the Gaussian frequency response and the fulfillment of the CISPR 16-1 bounds.
2) PK DETECTOR
The PK detector measures the maximum value of the IF signal. It can be digitally implemented as
where x ev (nT s ) is the envelope of the IF filter output and T m is the measurement time.
3) QP DETECTOR
To model the QP (non-linear) detector, the approach described in [29] is followed. The analog QP detector, shown in Fig. 1 
The analog transfer function (7) can be translated into the discrete time domain by applying the bilinear transform defined as [30] 
After some algebraic manipulation, the Z-transform of the RC filter is given by
where
The transfer function in (9) represents an Infinite Impulse Response (IIR) filter. Consequently, the digital QP output signal is given by
where b 0 = b 1 for x ev (nT s ) ≤ V QP ((n−1)T s ) and 0 otherwise.
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The digital QP detector herein described fulfills the CISPR 16-1 requirements.
4) AV DETECTOR
The AV detector measures the mean value of the IF signal. It can be digitally implemented as
5) IMPLICATIONS TO SIGNAL PSD
Based on the above procedures, it can be verified whether the designed modulated signal fulfills all PK, QP and AV limits imposed by norms. Then, it is possible to deduce what the specific signal PSD is. In particular, the PSD in dBm/Hz is computed from (3) and (4).
IV. PLC STANDARDS AND ADOPTED MODULATION SCHEMES
The up-to-date PLC standards have adopted multicarrier modulation in the form of PS-OFDM. This has been done on one side to be able to handle the severe multipath propagation in PLC channels and on the other side to enable a flexible usage of the spectrum to fulfill the EMC norms. In this section, we briefly report a summary of the standards and, focusing on IEEE ones, we summarize the relevant parameters. Furthermore, we show that PS-OFDM and PS-CB-FMT, can be obtained via a cyclic filter bank. The spectral properties of both systems are then investigated.
A. IEEE P1901.2 STANDARD
Recently, several NB-PLC systems based on OFDM have been introduced to increase rate and to improve the spectrum usage flexibility, i.e., PRIME [31] and G3-PLC [32] . These technologies exhibited some coexistence issues. To solve the problem, in 2010, the ''International Telecommunication Union'' (ITU) started the G.hnem project. The goal was to produce a unified standard for NB-PLC [33] . In 2012, the standard ITU G.9902 (known as G.hnem) [34] was released, which essentially incorporated features of both PRIME and G3. With similar scope to the G.hnem project, in 2009 IEEE started the P1901.2 working group which delivered the IEEE P1901.2 standard in 2014 [35] . The P1901.2 inherits several characteristics of PRIME and G3 but with increased spectrum usage flexibility to cover the spectrum up to 500 kHz and with band plans that enable the operation in the EU, the US and Japan.
In all the systems mentioned, and in particular in IEEE P1901.2, PS-OFDM has been adopted as multicarrier modulation scheme. The details of this modulation scheme are briefly reported in the next section. Essentially, the number of sub-carriers is set to K = 128. The sampling frequency depends on the operating band. In CENELEC bands the sampling frequency is set equal to 400 kHz. In FCC band, the 
B. IEEE P1901 STANDARD
For BB-PLC, two standards have been released. The G.hn standard has been released in 2009 [36] and the IEEE P1901 standard has been released in 2010 [37] . In particular, the IEEE P1901 standard reports specifications for both indoor and outdoor scenarios. At the physical layer, PS-OFDM has been adopted in one transmission interface. There is also another multicarrier option which is named Wavelet OFDM [9] . In the PS-OFDM interface, the number of subcarriers is set to K = 2048 to cover the band 1.8-28 MHz. The sampling frequency is set equal to 100 MHz.
C. FROM STANDARD PS-OFDM TO CB-FMT
To explain how PS-OFDM (used in most of the standards) works, we firstly introduce the expression of a general multicarrier modulated signal
where K and T are the sub-channels number and the sampling period, respectively. a (k) ( NT ) are the data symbols belonging to the QAM signal set that are transmitted in the k-th sub-channel with symbol period NT . The overall data rate is equal to K /(NT ). g(nT ) is the prototype pulse impulse response and W
−nk K
= e i2πnk/K . In the following, the sampling period is assumed to be normalized to simplify the notation, i.e., T = 1. The prototype pulse is deployed to shape the sub-channels. In OFDM, it corresponds to a rectangular pulse of duration K samples, or N > K samples if the cyclic prefix (CP) is used. In Filtered Multitone Modulation (FMT), the prototype pulse is designed so that the frequency confinement is privileged [6, Chapter 5] . In PS-OFDM the prototype pulse is a smoothed window, e.g., a raised-cosine window in time domain.
The modulated signal (12) , after digital-to-analog conversion, is injected and transmitted over the PLC channel. The received signal, after analog-to-digital conversion, is given by
4960 VOLUME 5, 2017 where g ch (n) and η(n) are the channel impulse response and the background noise, respectively. Finally, the signal is demodulated with a bank of analysis filters with prototype pulse h(n) and sampled to obtain
with k ∈ {0, . . . , M − 1}. The analysis prototype pulse is equal to a rectangular pulse of duration K samples in OFDM and CP-OFDM, while it is matched to g(n) in FMT. Furthermore, sub-channel equalization is implemented to detect the data symbols.
As discussed, PS-OFDM is in most cases deployed in PLC. In the next section, we show that it can be derived starting from a different multicarrier architecture formulation that uses cyclic convolutions and not linear convolutions to synthesize and analyze the multicarrier signal.
To proceed, we replace the linear convolution in (12) and (14) with a circular convolution, so that we will obtain a new form of multicarrier modulation that we refer to as Cyclic Block Filtered Multitone Modulation (CB-FMT) [14] . CB-FMT is a filter bank modulation architecture that exploits cyclic filter banks [38] . It should be also noted that blocks of data are processed by the cyclic filter bank. The CB-FMT modulated signal related to the q-th block is given by
where (n) M denotes the modulo M operation on the integer coefficient n, so that g((n) M ) is the periodic repetition of the prototype pulse, i.e., g((n + aM ) M ) = g(n), ∀a ∈ Z, and M = LN . The block q of data symbols a (k) (qL + N ) carries L data symbols per sub-channel k yielding a total of KL data symbols per block. OFDM can still be obtained from this formulation by setting K = N , L = 1 and g(n) = 1 for n ∈ {0, . . . , K − 1}. More in general, CB-FMT uses a certain prototype pulse g(n) to obtain a better sub-channel frequency confinement than the sinc-like shape obtained with OFDM. Both orthogonal and non-orthogonal filter bank designs can be realized. The implementation of CB-FMT can be done using a concatenation of Discrete Fourier Transforms (DFTs) [14] . The overall complexity is significantly lower than in filter bank modulation based on linear convolution.
A Cyclic Prefix (CP) can also be added to each block. The CP will transform the linear convolution of (13) in a circular convolution if the CP duration is greater than the channel impulse response duration. Consequently, equalization can be performed easily in the frequency domain. The CP addition extends the length of the blocks from M to M + µ coefficients.
D. PS-OFDM, PS-CB-FMT AND SPECTRAL PROPERTIES
To analyze the spectral properties of the considered modulation schemes, the discrete-time blocks of coefficients must be concatenated and interpolated to obtain a continuous time signal. The concatenation of the blocks of coefficients can be further followed by (time domain) pulse shaping. This pulse shape, denoted with g ps (n), is a window of M + µ + 2α coefficients, e.g., a raised cosine window. In the specific case of OFDM, this generates the so called pulse shaped OFDM solution. In the case of CB-FMT, the procedure generates Pulse Shaped CB-FMT (PS-CB-FMT).
Consequently, the pulse shaped signal can be written as
with M 1 = M +µ+α. It should be noted that in conventional CP-OFDM the pulse shaping filter has a rectangular response, i.e., g ps (n) = 1 for n ∈ {0, . . . , M 1 − 1} and 0 otherwise. Since its frequency response has a sinc-like spectrum, the Out-of-Band (OOB) emissions are high and even more exacerbated by the sinc sub-channel frequency responses. Thus, the usage of pulse shaping enables to obtain a more compact spectrum and to ease the fulfillment of spectral norms. This can be shown analytically by computing the mean PSD of the PS-CB-FMT signal (16) . The result is given by
where G(p) and G ps (f ) are the M -point DFT of the prototype pulse, and the Fourier transform of the pulse shaping filter, respectively. Furthermore, we also consider the digital-toanalog converter through its frequency response G I (f ). In the particular case of PS-OFDM, (16) is still valid by setting Q = 1 and G(0) = 1. In PS-CB-FMT, the adopted prototype pulse with DFT coefficients G(p), intrinsically contributes to render the spectrum more compact w.r.t. PS-OFDM. Now, PS-OFDM can deploy a raised cosine window with a roll-off of α samples. Similarly, in PS-CB-FMT we can use the following window
Since the PS filter in (18) has a length of M 1 + α samples and the block period is set to M 1 samples, a Cyclic Postfix (PF) of α samples is added, and an overlap-and-add operation is implemented between adjacent blocks, as shown in Fig. 4 . This overlap among blocks is introduced to limit the rate VOLUME 5, 2017 drop due to the PS, so that the transmission rate is equal to
The receiver of PS-CB-FMT performs firstly the removal of the CP to obtain y q (n). Then for each sub-channel, it runs a cyclic convolution between the received q-th block of coefficients and the analysis prototype pulse matched to the synthesis pulse, i.e., h(n) = g * (−n), to obtain
The cyclic analysis filter bank in (20) can be implemented in frequency domain using a concatenation of DFTs as shown in [14] . Minimum-mean-square-error equalization is also directly implemented in the frequency domain for each subchannel k ∈ {0, . . . , K − 1}.
V. FULFILLMENT OF EMC NORMS
In this section, the aim is to verify that the PS-OFDM solution adopted in the IEEE PLC standards fulfills the EMC norms and to do so by using the methodology described in Sec. II. Furthermore, the novel PS-CB-FMT solution is considered and compared with the PS-OFDM solution to see whether a better fulfillment of the norms can be obtained. A comparison in terms of maximum achievable rate is also made.
A. SYSTEM PARAMETERS For the comparison, both PS-OFDM and PS-CB-FMT adopt the main specifications of IEEE P1901.2 and P1901 so that they use the same band plan, see also Tab. 4. The overall parameters are listed in Tab. 5. The ones for PS-OFDM have been taken from the standard. In PS-CB-FMT the prototype pulse has a rectangular frequency response. Time domain pulse shaping uses a raised cosine window. Furthermore, two configurations are considered:
1) PS-CB-FMT (referred to as High Rate (HR) configuration) with the same number of sub-channels K , CP length µ, and roll-off α = {8, 496} as PS-OFDM, giving a peak normalized rate equal to R = 0.98 for NB-PLC and R = 0.9 for BB-PLC ; 2) PS-CB-FMT as above but with α = {239, 1264} so that the rate is equal to R = 0.9 for NB-PLC and R = 0.82 for BB-PLC, which is referred to as Low Rate (LR) configuration.
B. SPECTRAL LIMITS 1) NB-PLC
Since the NB-PLC EMC limits are specified in term of PK and QP values, the approach introduced in Sec. III-B is adopted. Firstly, the modulated signal is generated. The transmission is assumed continuous and the data symbols are randomly chosen. Then, the signal is interpolated with an ideal interpolation filter. Secondly, the PK and QP values are computed according to the methods discussed in Sec. II-A and the signal is scaled so that the spectral limits are fulfilled. This means that the signal level and the switched off sub-channels have to be adjusted so that the PK or QP values do not exceed both the In-Band (IB) and OOB limits. According to Tab. 2, the IB limits in the EU are in terms of PK value while the OOB limits are both in terms of PK and QP values. For the FCC spectrum beyond the CENELEC bands, we assume the values in Tab. 2 as also reported in IEEE P1901.2. The IB limits are then in terms of QP value, while the OOB limits are in terms of PK or QP values.
Figs. 5 and 6 report the PK/QP values for both PS-OFDM and PS-CB-FMT for the CENELEC and FCC bands, respectively. The figures show a discontinuity at 150 kHz. This discontinuity is caused from the different measurement IF bandwidth for f < 150 kHz (220 Hz) and f > 150 kHz (9 kHz possible to use. On the contrary, PS-CB-FMT has much better spectrum confinement that allows to more efficiently fulfill the spectral masks. Therefore, the OOB limits can be met by a significantly higher IB signal level.
The above considerations can also be done by looking at the maximum value of the PSD (PSD limit) that the signal can assume yet respecting the norms. This has been done, by computing the PSD limit for the considered modulated signals in Fig. 5 and Fig. 6 . The result is reported in Tab. 6. The table shows that PS-CB-FMT offers a PSD limit gain that ranges from 8.5 to 39.5 dB w.r.t. PS-OFDM in the HR configuration which can be increased even further with the LR configuration. This is due to the better spectrum confinement of the modulation scheme. That is, the spectrum falls down quickly outside the transmission band allowing to better meet the OOB limits. In turn, this enables to achieve higher spectral efficiency.
2) BB-PLC
For BB-PLC, EN50561-1 [27] reports IB limits in terms of PK and AV values. Furthermore, spectrum notches are specified to allow coexistence with radio services. They are shown in Fig. 7 . Although, EN50561-1 does not say how deep these notches have to be, in P1901 such notches are set 30 dB below the limit in the transmission band, i.e., at 75 dBµV (PK). As said, notches are related to the regional EMC regulations, therefore P1901 allows flexibility on what sub-channels have to be switched on/off. Both PS-OFDM and PS-CB-FMT can transmit at maximum power over the active sub-channels and they switch off a number of sub-channels to meet the notching mask. Every notch in the mask is extended by 6 extra subcarriers. Fig. 8 shows that PS-CB-FMT has a much better ability to create notches. In fact, both systems have the same active subchannels. However, the notches in PS-CB-FMT are deeper and wider than those of PS-OFDM. This implies that the target notches can be fulfilled with a higher number of active sub-channels by PS-CB-FMT w.r.t. PS-OFDM.
C. MAXIMUM ACHIEVABLE RATE
To make a performance comparison between PS-OFDM and PS-CB-FMT, the maximum achievable rate is evaluated. The maximum achievable rate is computed in terms of Shannon capacity.
1) NB-PLC
For NB-PLC, the O-LV application scenario is considered. O-LV involves the communication between the transformer VOLUME 5, 2017 FIGURE 8. Zoom of EMC mask and spectra in the BB spectrum. sub-station and the houses. To model the channels, the OPERA model is considered [39] . The model provides three classes of channels, as a function of the distance between the sub-station and the houses. For short (about 150 m) and long (about 350 m) distances the model provides three channel responses, namely good, medium and bad quality. For medium distance (about 250 m), only good and medium quality channels are provided. The model is derived from a measurement campaign.
For the background noise, OPERA also provides a model in [39] . However, this model is developed for BB-PLC, i.e., for f > 2 MHz. For the lower frequencies the model is not defined. Thus, the model described in [40] is considered. The noise is assumed to be stationary colored Gaussian. The PSD exhibits an exponential profile with higher values at lower frequency. The model describes the noise over the O-MV lines. Since the O-LV noise has a lower level than O-MV [41] , an offset of −13 dB is applied to the PSD. In detail, the following model is adopted: PSD(f ) = a + be
where a = −106, b = 52.98 and c = −0.0032. CENELEC and FCC bands, respectively. PS-CB-FMT outperforms PS-OFDM both with the LR and HR configuration because the high frequency confinement allows to better match the norms and increase the power level (PSD limit) yet fulfilling the norms. Furthermore, PS-CB-FMT deploys matched filtering via frequency domain equalization at the receiver side which allows to better capture the signal energy [14] . In CENELEC A, while PS-OFDM offers a capacity below 30 kbps with probability 0.5, CB-FMT in the HR configuration can reach up to 600 kbps. This shows that with CB-FMT there is great potentiality to increase performance.
2) BB-PLC
For the IH scenario, the top-down model presented in [42] is adopted. It accounts for the multipath propagation exhibited by the BB-PLC channel. The model parameters are set to match a large measurement campaign, described in [43] , [44] . Concerning the noise, the OPERA model is considered [39] . The noise is modeled as additive, colored and Gaussian with the PSD according to (21) with a = −107.625, b = 28.694 and c = −0.044.
In Fig. 11 , the CCDF of the maximum achievable rate is reported. In general, PS-CB-FMT improves the performances w.r.t. PS-OFDM. In particular, with the LR configuration (α = 496, equal to PS-OFDM), the capacity improvement at CCDF 0.6 is from 265 Mbps to 294 Mbps. With the HR configuration, the performance improves by other 15 Mbps.
VI. CONCLUSION
In this work, a detailed overview of EMC norms relevant to both NB-PLC and BB-PLC has been reported. PLC is a particular communication technology that exploits the same port for both powering the modem and transmitting data. As such, it has required the development of new regulations which differ from continent to continent and that are still in progress. For instance, NB-PLC in the band 148.5-500 kHz, as well as BB-PLC for outdoor applications, are unregulated in the EU.
The measurement methodology has been analyzed to verify whether a PLC signal fulfills the EMC limits typically expressed in terms of PK, QP, or AV value. The procedure has been discussed aiming to provide a practical guide to the verification of the fulfillment of spectral constraints by a certain digital modulation system.
In particular, PS-OFDM has been considered since it is the multicarrier modulation scheme used in state-of-the-art PLC systems. Using the IEEE P1901.2 specifications, it has been shown that PS-OFDM can fulfill the norms in the NB spectrum if the signal amplitude is significantly lowered w.r.t. what is prescribed by in-band EMC limits. This affects negatively the system capacity. Similarly, in the BB spectrum using IEEE P1901 specifications, a number of sub-channels must be switched off to create notches of −30 dB below the maximum PSD value.
Therefore, an alternative and novel multicarrier scheme named PS-CB-FMT has been described and analyzed. Due to the higher spectrum confinement of PS-CB-FMT w.r.t. PS-OFDM, the spectral limits can be better achieved allowing for reduced out-of-band emissions and possibility to increase the in-band power up to the limit. Furthermore, PS-CB-FMT allows to switch off a lower number of subchannels to create deep spectral notches. This translates into significantly higher system capacity offered by PS-CB-FMT w.r.t. PS-OFDM in both the NB and in the BB spectrum.
